In this study, chemical reactivity of (4,0) and (5,0) AlN nanotubes by interaction with nitrosamine molecule as a carcinogen agent was investigated using the B3LYP/6-311++G (d) level of theory. The HOMO-LUMO gap, electronic chemical potential (), hardness (ƞ), softness (S), the maximum amount of electronic charge (Nmax), and electrophilicity index (ω) for the monomers and complexes were calculated. The results show that the interaction of NA with nanotubes cab be changes electronic properties of nanotubes. To investigate the interactions between the NA molecule and nanotubes, analysis of atoms in molecules was performed at B3LYP/6-311++G (d) level of theory. The Multiwfn program was used to calculation of electron density of states (DOS). The charge transfer in complexes was calculated using the NBO analysis. The results of this work were compared with the results of adsorption of NA molecule on BN nanotubes. It is expected that the AlN nanotubes can be used as sensor for detection of NA molecules.
Introduction
Nanocarbons, such as graphenes, graphynes, carbon nanotubes, and fullerene, have been widely studied [1, 2] . Carbon nanotubes due to their unique physical, chemical, electronic, thermal, optical and mechanical properties, have many applications in nanotechnology and other fields of materials science [3] [4] [5] [6] [7] [8] . The metallic and semiconducting behavior of CNTs depends on the diameter and chirality of the nanotubes, which makes their synthesis difficult for specific purposes [9] . Numerous studies have been performed to find the stable structures of the noncarbon nanotubes [10, 11] .
Among the various systems, boron-nitride nanotubes (BNNTs) and aluminum-nitride nanotubes (AlNNTs) are of great importance [12] [13] [14] . AlN nanotubes have been successfully synthesized with a diameter ranging from 30 nm to 80 nm [15] . These nanotubes have a band gap of 6.2 eV and their gaps are slightly dependent on their correlates. The zigzag AlNNT is seen to be energetically more eligible than the armchair one [16] [17] [18] . Due to their great polarity, AlNNTs have noticeably higher reactivity compared with carbon and boron nitride nanotubes. These nanotubes can be potentially used as sensor for detection of various molecules [19] [20] [21] . Studies have shown that AlN nanotubes are good candidate for trapping the gaseous molecules [22] [23] [24] . It was reported that, nitrosamines are carcinogenic compounds characterized by functional group of -N-N=O. Nitrosamines are mutagen compounds and carcinogens that can damage DNA and induce tumors in humans and animals [25, 26] . Due to the abundance of nitrosamines in different food categories, beverages, drinking water, and cigarette smoke, it is necessary to find out the methods for removing these hazardous materials from the environment. In recent years, the experimental and theoretical studies have been performed on evaluating the adsorption of nitrosamines with zeolites and carbon nanotubes [27, 28] . In our previous work, we investigated the interaction of nitrousamin with BN and B3AlN nanotubes [29] , and the results suggested that, the BN and B3AlN nanotubes can be the potential candidates for the nitrosamin molecule detection. In this work, the effect of adsorption of nitrosamin by AlN nanotubes was investigated and the results were compared with the results of the previous work. Also, the effect of increasing the diameter of the tube on the electronic and structural properties of the complexes was studied.
Experimental

Computational methods
Many of the properties of the materials and structures could be examined using theoretical methods [30, 31] . In this study, the zigzag models of (4,0) and (5,0) AlN nanotubes were chosen. All the complexes were optimized at B3LYP/6-311++G (d) level of theory using the Gaussian 09 software package [32] . The basis set superposition error (BSSE) was used to correct the calculation of the interaction energies [33] . The HOMO-LUMO gap, electronic chemical potential, hardness, softness, electrophilicity index, the maximum amount of electronic charge (Nmax), and dipole moment were calculated for different complexes. The Multiwfn program was utilized to calculate the electron density of the states (DOS) [34] . The NBO and AIM analysis were carried out at the B3LYP/6-311++G (d) level of theory [35, 36] .
Results and discussion
All the possible sites for adsorption of the NA molecule by (4,0) and (5,0) AlN nanotubes were examined ( Figure 1 ). The NA molecule can be placed on the wall of the nanotube with two different molecular orientations, which forms two types of A and B complexes. In A complexes, the hydrogen and oxygen atoms of NA interact with the nanotube, while, in B complexes, N atom of NA interact with the nanotube. Totally, eight stable structures on the potential energy surface were found which are presented in Figure 2 . Our calculations confirmed that the length of Hmolecule…Nnano and N(O)molecule…Bnano bonds increased by enhancing the tube diameter. The interaction energies (E) as a difference between the energy of the complex and the sum of the energies of monomers were summarized in Table 1 . These energies were corrected by applying the counterpoise procedure. The results revealed that, the structure A is more stable than the structure B. Due to more electronegativity of atom O compared with N, it is expected that the structure with O…Al interaction to be more stable. Also, in complexes A, the relative stability of complexes is in the order of d>c>a>b. Based on Table 1 , the interaction energies raised with increasing the tube diameter. Therefore, the stability of the complexes reduced by increasing the tube diameter. Compared to the previous study, our results showed that, the interaction energy of NA/AlNNT complexes is greater than that of the NA/BNNT [29] . Therefore, in comparison to the BNNTs, it is predicted that AlNNTs could be a better candidate for adsorption of NA molecules. The values of dipole moments are presented in Table 1 . As can be seen, the dipole moment of the nanotubes increased upon complexation. The dipole moment in complexes A is higher than that of the complexes B. It is expected that, in polar solvents, the solubility of complexes A would be greater than complexes B. To explore the effect of the complexation on the electronic properties of AlN and B3AlN nanotubes, the HOMO-LUMO gap, electronic chemical potential (μ), hardness (η), softness (S), electrophilicity index (ω) and Nmax for NA, nanotubes and complexes were investigated (Table 2) . The results showed that, the energy gap of all complexes decreased upon complexation. Therefore, conductivity of the nanotubes increased. Also, the chemical softness, chemical potential, electrophilicity index and Nmax of complexes increased and the chemical hardness decreased upon the complexation. Based on Table 2 , conductivity of the nanotubes decreased by enhancing the diameter of the tube. In comparison with the previous work, the conductivity of (4,0) AlNNT is greater than (4,0) BNNT. In addition, the energy gap and chemical hardness for NA/AlNNTs The NBO analysis showed some interesting details on the electron density transfer in donor → acceptor interactions. The results of the NBO analysis are summarized in Table 3 . Upon complex formation, charge transfer occurs between nanotube and NA molecule. Therefore, the charge transfer can be defined as the sum of the electronic charge of atoms in the NA molecule. Inspection of the results revealed that in the all complexes, the charge transfer is taking place from NA molecule to nanotube. At each site, the amount of charge transfer in B complex is more than A. On the other hand, the amount of charge transfer for complexes NA/(4,0) AlNNT is more than NA/(5,0) AlNNT. In comparison to the previous study, the amount of charge transfer in AlNNT complexes is smaller than that of the BNNT complexes.
The quantum theory of atoms in molecules (QTAIM) is a useful tool to characterize the chemical bonds.
To investigate the nature of the interactions between the NA molecule and nanotubes, analysis of atoms in molecules was performed at B3LYP/6-311++G (d) level of theory. The molecular graphs including the critical points and bond paths for NA/AlNNT complexes are shown in Figure 5 . The molecular graphs represent two additional critical points in intermolecular region in each complex. The values of electron density (ρ(r)), Laplacian of the electron density ( 2 ρ(r)) and total energy density (H(r)) at the bond critical points (BCPs) are given in Table 3 . There is a relation between the value of ρ(r) at the O(N)molecule…AlNNanotube and Hmolecule…NNanotube BCPs with bonding distances. The results depicted that, at each position, the structure with the shorter bonding distances has greater ρ(r) at bond critical points.
With comparing the valves of (r) at the O(N) molecule…AlNNanotube and Hmolecule…NNanotube bond critical points, we can observe that, these interactions in the NA/(4,0) AlNNT complexes are stronger and shorter than those in the NA/(5,0) AlNNT complexes. The values of  2 ρ(r) and H(r) at BCPs of all complexes were found to be positive and negative, respectively, with a partially covalent chemical bond. The covalent nature of these interactions reduced by increasing the tube diameter that is in agreement with the increase in the corresponding bond distances. 
Conclusion
In this work, the DFT method was employed to assess the effect of the adsorption of nitrosamine (NA) on the electrical properties of AlN nanotubes. It was found that the NA molecule can be chemically adsorbed by the AlN nanotubes. As the type and the diameter of the tube play an important role in determining the interaction energy of the NA molecule, the NA/(4,0) AlNNT complexes found to be more stable than the NA/(4,0) BNNT complexes. Also, the interaction energy of NA with AlNNTs decreased with increasing the tube diameter. It is energetically favorable for the NA molecule to interact with d position of nanotubes . The energy gap and chemical hardness of nanotube decreased, whereas, the chemical softness, Nmax and electrophilicity index of the nanotube increased upon complexation. Also, the conductivity and reactivity of the nanotube reduced as the tube diameter increased. Based on the NBO results, in all complexes, charge transfer occurred from the NA to the nanotube. The AIM results revealed that, the O(N)…Al and H…N interactions are partially covalent in nature. It is predicted that, AlN nanotubes can be used as adsorption of NA molecules. In comparison to the BNNTs, it seems that the AlNNTs could be a better candidate for adsorption of NA molecules.
